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Abstract 
 An algorithm using the Second Simulation of the Satellite Signal in the Solar Spectrum (6S) radiative 
transfer code has been developed to analyze the optical properties of aerosols over the ocean using 
NOAA/AVHRR data. Visible and NIR channel data was utilized to retrieve aerosol optical thickness at 632 nm 
and 843 nm over the ocean around Japan during clear (non-dust) and Asian dust events in March 18-19, 2002. 
The sea surface albedo measured during the non-dust events is used as reference, and the relation between the 
albedo and the optical thickness is derived. Using Mie calculations and bi-lognormal size distribution parameters 
inferred from measurements, the correlation between the optical thickness of the Asian dust and the digital 
number of visible and NIR channels is analyzed. Good agreements are found between the simulated results and 
the optical thickness retrieved from ground-based, Sunphotometer measurements. 
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1. INTRODUCTION  
 
A number of studies have pointed out the significance of aerosols in the climate system 
[Charlson et al., 1992; Kaufman et al., 2002]. Aerosols can have a profound impact on the 
global and regional climate, both by directly interacting with solar radiation and by indirectly 
modifying cloud microphysics. One of the key parameters that must be accurately quantified 
in measuring the aerosols in the atmospheres is aerosol optical thickness (AOT), which is a 
measure of the aerosol extinction on radiative transfer [Charlson et al., 1992; Chylek and 
Wong, 1995; Russel et al., 1997]. Various methods have been developed to measure the 
distribution and quantity of AOT using ground-based Sunphotometers (SP) [Holben et al., 
1998], lidar [Welton et al., 2002] and aircraft [Russel et al., 1999]. Although these 
measurements are accurate, their space and time coverage are limited. Satellite measurements, 
due to their large coverage and high temporal resolution, are the most effective way to infer 
the quantity of AOT. However, in order to enhance the accuracy of aerosol properties from 
satellite measurements, the ground-based and/or aircraft measurements are still needed.  
During the spring, a large amount of Asian dust (Kosa, in Japanese) is flown from dust 
storms in Gobi and Taklamakan deserts in Mongolia and China. The dust particles have the 
potential of affecting global climate by influencing the radiative balance of the atmosphere. 
They are initiated by strong winds, caused by cold fronts or low-pressure systems. These 
dusts significantly increase the atmospheric turbidity over East Asia and Pacific regions. In 
situ and satellite remote sensing studies have indicated that the dusts from the Asian continent 
could be transported over the Pacific Ocean to the western coast of United States [Takemura 
et al., 2002; Tratt et al., 2001; Husar et al., 2001], showing that the dust is not limited to the 
Asian regional climate. Due to such a great impact of the dust on not only regional but global 
climate, there is a stringent need to analyze the optical characteristics of Asian dust particles.  
In this research, we analyze the distribution and magnitude of AOT during clear (non-
dust) and Asian dust events in spring 2002 using visible and near-infrared channels of 
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 Advanced Very High Resolution Radiometer (AVHRR) data from the NOAA polar orbiting 
satellites. This study demonstrates a simple method to infer the AOT by utilizing the Second 
Simulation of the Satellite Signal in the Solar Spectrum (6S) radiative transfer code [Vermote 
et al., 1997] over the ocean. The AOT data concurrently measured by a ground-based sun-
photometer are also used to confirm the modeling results. 
 
2. METHODOLOGY 
 
In this research, we use the visible and near-infrared channels (channel 1 and 2) of 
NOAA/AVHRR data obtained in March-April 2002. Selected areas over the Sea of Japan 
with size 200×200 pixels area are analyzed for clear and dusty/Kosa cases. For the clear case 
(non-dust, non-cloudy), here we assume the maritime aerosol model in the 6S library to infer 
the relationship between the satellite albedo and the AOT at 632 nm and 843 nm. For the 
turbid (dusty) case, we derive this relationship on the basis of the aerosol model of the bi-
lognormal size distribution. Finally, the relationship between the NOAA/AVHRR albedo and 
the AOT of channel 1 and 2 are retrieved using the clear sea surface reflectance achieved 
from the ship measurement as reference [Kozai et al., 2000]. The algorithm of the AOT 
retrieval is schematically described in Fig. 1. 
 
2.1. 6S 
 
The 6S code is a radiative 
transfer code originally developed 
to analyze the satellite signal 
between 0.25 and 4.0 µm assuming 
cloudless atmosphere. It is used for 
the atmospheric radiative 
calculations, as well as for the 
relevant sensitivity analysis 
[Vermote et al., 1997]. Atmospheric 
vertical profiles of pressure, 
temperature, concentration of water 
vapor and ozone are considered, in 
addition to a Lambertian ocean 
surface. The input parameters 
needed in the calculations are: 
geometrical conditions, atmospheric 
model for gaseous components, 
aerosol model, spectral condition 
and ground reflectance.  
As illustrated in Fig. 2, the total 
radiance that irradiates the satellite 
sensor can be formulated as 
 
Ltotal = Latm (τ, Matm) + Ltar (ρ, ρ, τ, Matm)+ Lenv (ρ, τ, Matm)                       (1) 
 
where Matm stands for the atmospheric model of molecules and aerosols, ρ the target albedo, 
ρ environment albedo, and τ the aerosol optical thickness through the entire atmosphere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of AOT retrieval 
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 2.2. NOAA/AVHRR  
 
The NOAA-16, which was launched on 
September 21, 2000, has 5 channels of 
AVHRR: visible, near-infrared, short-wave 
infrared, and two thermal-infrared channels. It 
has continuously been operated since 
February 27, 2001. The satellite radiance can 
be calculated by the following equation: 
 
Lobs = (S×DN +I ) Es /100π,        (2) 
 
where S and I are calibration factors of 
AVHRR visible and near-infrared channels, 
DN is the digital number, Es is the solar 
spectral irradiance expressed in units of    
Wm-2sr-1µm-1 
 
For NOAA-16, we employ the albedo Ai of 
each channel using the following equations 
(http://noaasis.noaa.gov/NOAASIS/ml/n16cal
up.html): 
 
iii IDNSA +×=                                               (3) 
Channel 1: 
⎩⎨
⎧
>−×
<−×=
5.497for     91.511528.0
 5.497for    016.20523.0
1 DNDN
DNDN
A                                  (4) 
 
Channel 2: 
⎩⎨
⎧
>−×
<−×=
3.500for     77.511510.0
3.500for     943.10513.0
2 DNDN
DNDN
A                                  (5) 
 
2.3. Algorithm 
 
First, we select an area of interest which has 200×200 pixels in size (nearly 200 km × 200 
km). The geometrical conditions are derived from the center point of the area and we employ 
atmospheric models of mid-latitude winter and maritime aerosol model as the input 
parameters for 6S simulation. AVHRR data on April 10, 2002 is selected as sample data for 
clear case and the data on March 18, 2001 for dusty/Kosa case. The simulation is performed 
by entering AOT(550) from 0.0 to 1.0 with the atmospheric and geometrical conditions. The 
radiance observed by the satellite sensor is then compared with the radiance calculated by 6S. 
For each AOT(550) value, the calculation is repeated by modifying the sea-surface albedo 
value if the difference between the two radiances is larger than 10-5 Wm-2sr-1µm-1, arbitrarilty 
set as a threshold value. For the range of digital number values that actually occur in the area, 
the relationship between the value of AOT and the albedo value is calculated and stored for 
each channel of AVHRR. If we can appropriately assume the surface albedo value (see the 
following), the lookup table calculated in this manner enables the determination of AOT for 
each channel (AOT(λi)).  
 
Fig. 2. The 6S radiative model 
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 Since the albedo of the sea surface (reference albedo) is the key parameter in the present 
retrieval, its accuracy directly affects the accuracy of the AOT retrieved from the satellite 
images. We used the measurement of clear sea surface albedo as the reference, as performed 
by Kozai et al. (2000). The values measured at the effective wavelengths of channel 1 
(632nm) and channel 2 (843nm) are 0.28% and 0.15%, respectively. 
 
3. RESULTS AND DISCUSSIONS 
 
3.1 Clear case 
 
The algorithm is applied to analyze clear area over the Sea of Japan on April 10, 2002. 
The area of interest is shown in Fig. 3(a). The aerosol model is maritime and applied to the 
center point of the area (140.27oE, 46.78oN). For each digital count in the area, we calculate  
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Fig. 3. Simulation results of clear case: (a) area of interest; (b) histogram; simulation results of: (c) 
channel 1; (d) channel 2, respectively
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 the relationship between the albedo and the AOT at 550nm wavelength. For each channel, the 
histogram of digital count and the simulation results are shown in Fig. 3(b) and (c)-(d). The 
aerosol model used in the simulation is maritime and the atmospheric model is midlatitude 
winter. Using the sea surface albedo as reference (ρref), the AOT(λi) maps are retrieved for 
channel 1 and channel 2, as shown in Fig. 4(a) and 4(b), respectively.  
The simulation results of AOT showed that AOT values of channel 2 (AOT(843)) are 
relatively smaller than the AOT values channel 1 (AOT(632)).  
 
3.2 Turbid case 
 
According to the observations, Asian dust/kosa events occurred in March-April 2002. For 
this case, we apply the algorithm using the bi-lognormal size distribution as reported by Wang 
[Wang et al., 2003]. The particle volume distribution can be computed as: 
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where n is the mode number, rvn is the volume mean radius, σn is the standard deviation, and 
Cn is the peak of n-th mode. In this study, we used rvn value of 0.18 µm and 1.74 µm, and σn 
of 2.16 and 1.78, which are derived by Wang et al. (2003), to represent the first and second 
mode, respectively. The refractive index is highly variable depending on the chemical 
compositions of aerosols [d’Almeida et al., 1991]. While the same value of the real part of the 
effective refractive index (i.e. 1.50-1.55) is adopted in several literatures, the imaginary part 
varies from non-absorbing [Rao et al., 1989] to values considerably absorbing values of 
0.003-0.005i [Higurashi and Nakajima, 2002]. A survey of aerosol network AERONET has 
reveled that the imaginary part of the refractive index of desert dust and oceanic aerosols 
range from 0.0015 to 0.0007 [Dubovik et al., 2002]. In this study we use the refractive index 
of 1.53 – 0.002i at 632 nm and 843 nm. Figure 5(a)-(f) shows the area of interest of 
NOAA/AVHRR data on March 18, 2002; the histogram; simulation results and AOT(λ) map 
of channel 1 and 2, respectively. 
    
           (a)                     (b) 
 
Fig. 4. AOT map of: (a) channel 1 (λ=632nm) and (b) channel 2 (λ=843nm), respectively. 
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Fig. 5. The simulation results of dusty case: (a) area of interest; (b) histogram; simulation 
result of: (c) channel 1; (d) channel 2, respectively; the AOT(λ) of: (e) channel 1 and (f) 
channel 2.  
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 3.3. Validation 
 
In order to check the validity of the simulation, we compare the AOT(λi) with the 
measurement of sun-photometers operated at Chiba University (35.62oN, 140.12oE). The 
NOAA/AVHRR on March 17, 2002 is used as a sample data. The site of the validation site is 
shown as a star in Fig. 6 which according to the NOAA header data, was scanned at 12:52:09 
JST. The aerosol model used in the simulation is bi-lognormal and ρref is assumed to be 
0.28% and 0.15% as mentioned above. Since the sun-photometer bands are centered at 368 
nm, 500 nm, 675 nm, 778 nm (each having a width of 5 nm),  the AOT at 632 nm and 843 nm 
is calculated by interpolation. From the AVHRR channel 1, the resulting value of AOT(632) 
is 0.66. In comparison, the concurrent sun-photometer measurement leads to a value 
(AOTSP632) of 0.66 (relative error ξ = 0.43%). On the other hand, from channel 2, the 
AOT(843) is 0.57, comparing to AOTSP843 = 0.58 gives the relative error ξ = 3.11%. Using 
maritime model, for another validation result on March 19, we obtain AOT(550) of 0.3306, 
whereas AOTsp550 is 0.3235 (relative error ξ = 2.2%). 
These results show that a ρref(λ1) value of 0.28% and ρref(λ2) value of 0.15% and aerosol 
model (maritime, bi-lognormal) utilizing in the 6S code are indeed appropriate for accurately 
estimating the AOT. 
 
 
4. SUMMARY 
 
The radiance from the NOAA/AVHRR is simulated using 6S radiative transfer code to 
retrieve the aerosol optical thickness over the ocean during clear/non-dust and Asian dust 
events. The model based on maritime and bi-lognormal size distribution for clear and turbid 
cases, respectively. The simulation results indicate that by using the sea-surface albedo 
measured from the ship as the reference, the AOT values derived from the satellite images 
satisfactorily agree with the values from ground-based measurements. 
   
1.0
0.0
                                 (a)                (b) 
 
Fig. 6. The AOT retrieved from the simulation: (a) AOT(632); (b) AOT(843) 
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